A hallmark of cancer is the deregulation of cell-cycle machinery, ultimately facilitating aberrant proliferation that fuels tumorigenesis and disease progression. Particularly, in breast cancers, cyclin D1 has a crucial role in the development of disease. Recently, a highly specific inhibitor of CDK4/6 activity (PD-0332991) has been developed that may have efficacy in the treatment of breast cancer. To interrogate the utility of PD-0332991 in treating breast cancers, therapeutic response was evaluated on a panel of breast cancer cell lines. These analyses showed that the chronic loss of Rb is specifically associated with evolution to a CDK4/6-independent state and, ultimately, resistance to PD-0332991. However, to interrogate the functional consequence of Rb directly, knockdown experiments were performed in models that represent immortalized mammary epithelia and multiple subtypes of breast cancer. These studies showed a highly specific role for Rb in mediating the response to CDK4/6 inhibition that was dependent on transcriptional repression manifest through E2F, and the ability to attenuate CDK2 activity. Acquired resistance to PD-03322991 was specifically associated with attenuation of CDK2 inhibitors, indicating that redundancy in CDK functions represents a determinant of therapeutic failure. Despite these caveats, in specific models, PD-0332991 was a particularly effective therapy, which induced Rb-dependent cytostasis. Combined, these findings indicate the critical importance of fully understanding cell-cycle regulatory pathways in directing the utilization of CDK inhibitors in the clinic.
Introduction
Breast cancer is a major health concern in the United States, impacting B200 000 new individuals per year (Jemal et al., 2009) . Standard therapeutic modalities are currently used based on disease stage and hormone receptor status at disease presentation. At present, the majority of breast malignancies are estrogen receptor (ER) positive at diagnosis, and given the central role of ER in mammary development and proliferation, this receptor serves as a molecular target for first-line therapies (Buzdar, 2009) . Hormone ablation therapy, using ER antagonists, are currently a common first-line therapy for ER-positive breast cancers and function by eliciting cell-cycle arrest in hormone-dependant breast cancer cells (Sutherland et al., 1983; Jensen and Jordan, 2003) . Although these anti-estrogen therapies are initially effective, B50% of ER-positive patients develop resistance within their lifetime, ultimately leading to therapeutic failure (Encarnacion et al., 1993; Robertson, 1996; Barker, 2003; Ariazi et al., 2006) . As such, a significant fraction of patients with ER-positive disease require adjuvant therapies. Similarly, ER-negative disease represents a significant therapeutic challenge, and the majority of such tumors are treated with cytotoxic chemotherapies. Thus, there is a well-established need for additional therapeutic options in the treatment of breast cancer.
It has been proposed that agents which target intrinsic facets of cancer biology provide an opportunity to more efficaciously treat disease (Hanahan and Weinberg, 2000; Shapiro, 2006) . One well-established hallmark of cancer biology is the deregulation of cell-cycle progression, wherein mitogenic signals converge to activate the expression of D-type cyclins (Prall et al., 1997; Dyson, 1998; Hanahan and Weinberg, 2000; Ortega et al., 2002; Santamaria and Ortega, 2006) . These cyclins bind to CDK4 or CDK6 and lead to the phosphorylation and subsequent inactivation of the Rb tumor suppressor and related proteins, p107 and p130 (Mittnacht, 1998; Malumbres and Barbacid, 2001; Knudsen and Knudsen, 2008) . These proteins control the activity of the E2F family of transcription factors, which modulate the expression of a host of genes that coordinate subsequent cell-cycle progression (cyclin E and cyclin A), DNA replication (MCM7 and PCNA), and mitotic progression (cyclin B1 and Cdk1) (Knudsen and Knudsen, 2008) . Such mitogenic signaling is modulated through a variety of mechanisms that attenuate CDK4/6 activity to elicit the activation of Rb, p107, and p130 (Watts et al., 1995; Yu et al., 2006) . Correspondingly, there are a myriad of mechanisms integrated within these mitogenic signaling cascades, which mediate the downstream inhibition of CDK2/cyclin A/E activity (p27 Kip1 and p21 Cip1 ) (Planas-Silva and Weinberg, 1997; Swarbrick et al., 2000; Abukhdeir and Park, 2008) . These cyclin-dependant kinase inhibitors (CKIs) function to facilitate CDK4/6/cyclin D complex formation while conversely inhibiting CDK2/cyclin A/E formation (Poon et al., 1995; LaBaer et al., 1997; Sherr and Roberts, 1999; Abukhdeir and Park, 2008) . Ideally, these disparate actions on cellular kinase activity promote sequential phosphorylation of the RB protein, and also provide downstream inhibition of kinase activity in response to anti-mitogenic signals impacting the cyclin D/CDK4/6 axis.
In breast cancers, deregulation of cell-cycle control can take many forms. Oncogenic signaling pathways can commandeer intrinsic mitogenic signaling cascades, as occurs with amplification of ErbB2 (Harari and Yarden, 2000; Donovan et al., 2001) . Correspondingly, cyclin D1 is overexpressed or amplified in a significant fraction of these cancers, and this event is presumed to be particularly important for mammary tumorigenesis based on numerous mouse models (Keyomarsi and Pardee, 1993; Gillett et al., 1994; Wang et al., 1994; Alle et al., 1998; Yu et al., 2001; Ormandy et al., 2003) . In addition, overexpression of cyclin E, or loss of p27 Kip1 , occur at relatively high frequency and are associated with poor disease outcome (Keyomarsi et al., 1994; Porter et al., 1997; Malumbres and Barbacid, 2001; Loden et al., 2002) . Ultimately, these lesions can alter the activation state of Rb and, as such, the functional inactivation or genetic loss of RB is also frequently observed in breast cancer (Borg et al., 1992; Pietilainen et al., 1995; Brenner et al., 1996; Nielsen et al., 1997; Takano et al., 1999) .
Because of the relatively high frequency in which cellcycle control is deregulated in breast cancer, directly targeting the lesions that influence aberrant cell-cycle progression represents a potential therapeutic modality. Recently, a highly specific CDK4/6 inhibitor, PD-0332991 (PD), has been developed, and represents a viable mechanism for inhibition of D-type cyclin-mediated mitogenic/oncogenic signaling and subsequent activation of an RB-mediated checkpoint response (Toogood et al., 2005) . This agent shows well-tolerated cytostatic function and specificity through targeting oncogenic events that function through the cyclin D/CDK4/6 axis, which should be relatively inactive in non-cycling neighboring 'normal' tissue. Because of the importance of Rb/E2F-axis deregulation and cell-cycle control in breast cancers, PD represents a viable therapeutic option for the treatment of such lesions. However, as the relative importance/ contribution of CDK4/6 activity has not been determined within the varied cellular backgrounds of human breast cancers, the clinical utility and consequence of such inhibitors remains elusive.
Results

Spontaneous loss of RB relieves dependence on CDK4/6
To initially determine the utility of PD-0332991 (PD) as an agent to broadly treat breast cancer, we investigated the action of PD on a panel of breast cell lines representing different forms of the disease. For these analyses, cells were treated with 0.5 mM PD for 24 h, and cell-cycle progression was then quantified through BrdU incorporation. Initially, MCF-10A cells, which are a non-tumorigenic cell line and representative of a non-transformed background, responded to acute treatment with a significant reduction in cell-cycle progression (Figure 1a) . Correspondingly, three widely used ER-positive breast cancer cell lines (Zr-75-1, T-47D, and MCF-7) treated with 0.5 mM PD were observed to elicit a similar and significant reduction in BrdU incorporation (Figure 1b) . Interestingly, among ER-negative cell lines examined, Hs578t and MDA-MB-231 displayed a significant reduction in the amount of BrdU incorporated, whereas MDA-MB-468 and BT-549 showed complete resistance to the agent (Figure 1c) .
To directly examine the status of the cyclin D/RB/ E2F axis, immunoblotting was performed as shown ( Figure 1d ). Several commonalities existed among those cell lines resistant to CDK4/6 inhibition. First, MDA-MB-468 and BT-549 cell lines displayed no detectable Rb protein. In all other cell lines responsive to PD treatment, Rb protein was detectable. In accordance with both a lack of cell-cycle inhibition and a lack of Rb protein, the E2F-target gene cyclin A was not downregulated among MDA-MB-468 and BT-549 cell lines on treatment with PD, whereas all other cell lines exhibited a dramatic reduction in cyclin A protein levels. In addition, the MDA-MB-468 and BT-549 cell lines displayed no appreciable cyclin D1 protein paired with a dramatic upregulation of p16 ink4a protein compared with all other cell lines. Combined, these data suggest that the Rb-deficient cell lines simply lack the target for PD (that is active cyclin D/CDK4/6). However, a caveat of these analyses is that the cell lines used have been cultured extensively, and thus may not reveal the discrete impact of Rb status on therapeutic response. To determine whether PD was specifically impacting the cell cycle and not inducing cell death, cell populations were treated with 0.5 mM PD or 24 mM Cisplatin (CDDP). At 24 h, resultant cell death was quantified ( Figure 1e ). As depicted, treatment with PD did not increase cell death over the untreated controls, whereas CDDP clearly induced cell death.
Acute Rb knockdown confers significant bypass of PD-0332991 treatment in immortalized human breast epithelial cells To directly interrogate the impact of Rb status on cellular responses to PD, we initially used knockdown approaches in MCF-10A cells. As MCF-10A cells are non-tumorigenic, they are representative of the behavior of normal mammary epithelium and therefore, provide key insight into how Rb status effects such cells. MCF-10A cells were infected with a retrovirus encoding an shRB construct to knockdown Rb or a scrambled miNS control, and expression was confirmed through immunoblot (Figure 2a ). These miRB-and miNS-expressing cells were then treated with 0.5 mM PD or a DMSO control and immunoblotted to examine the expression of Rb and p107, as well as E2F-regulated targets (cyclin A and MCM7). As shown in Figure 2b , Rb-proficient cells display a prominently hypophosphorylated Rb population on treatment with PD, with no increase in the level of p107 protein (lanes 1 and 3) . Although miRB-expressing MCF-10A cells display no appreciable Rb protein, these cells exhibit elevated levels of p107 under both PD treated and DMSO control conditions (lanes 2 and 4), as compared with Rb-proficient controls. In addition, p130 protein levels are observed to increase on Rb loss (lanes 1 and 2), with the majority of p130 being stabilized on PD treatment (lanes 3 and 4). When examining E2F-regulated protein abundance, treatment of the Rb-proficient population with PD results in a dramatic reduction in the levels of cyclin A and MCM7 (lanes 1 and 3) . Interestingly, on treatment of the miRB population with 0.5 mM PD, it was noticed that the levels of these proteins was reduced from the untreated control populations, but remain significantly elevated above the treated Rb-proficient population (compare lanes 3 and 4). To confirm that the levels of E2F-regulated proteins were correlated with cell-cycle progression, these same cell populations were pulse labeled with BrdU, costained for BrdU and DNA content, and examined by flow cytometric analysis. Representative traces are shown in Figure 2c , wherein Therapeutic CDK4/6 inhibition in breast cancer JL Dean et al
Response of normal human mammary epithelial cells to extended CDK4/6 inhibition is not durable
To examine the ability of PD to suppress normal breast epithelial cell proliferation for extended periods of time, Rb-proficient and -deficient MCF-10A cells were plated at low density in media containing 0.5 mM PD or DMSO and allowed to proliferate for 15 days. These plates were then stained with crystal violet to visualize cell density and cellular morphology. As shown in Figure 3a , the miNS-expressing cells displayed a dramatic reduction in growth rate on extended treatment with PD. By comparison, the Rb-deficient Therapeutic CDK4/6 inhibition in breast cancer JL Dean et al population displayed growth to a significantly higher density. However, this ultimately remained less densely populated compared with the control-treated populations, recapitulating results seen upon acute CDK4/6 inhibition ( Figure 2 ). As the outgrowth of cell populations from extended PD exposure suggests acquisition of resistance to CDK4/6 inhibition, we next examined the acute response of these populations to subsequent treatments. Therefore, the miNS-and miRB-expressing populations that emerged from extended culturing in the presence of PD (recurred populations) were subsequently re-challenged with 0.5 mM PD for 24 h. As determined by BrdU incorporation, an increased percentage of Rb-proficient cells were observed to bypass CDK4/6 inhibition compared with naive populations (Figures 3b and c) . Rb-deficient MCF-10A populations displayed a similar, but less dramatic, trend ( Figure 3c , dark gray bars). To examine any changes in the molecular milieu that may have occurred in the cyclin/RB/E2F axis in the MCF-10A recurred populations, protein lysates from populations quantified in Figure 3c were examined by immunoblot. Among naive RB-proficient populations (lanes 1 and 2), treatment with PD resulted in a reduction in phospho-and total Rb, as well as p107 protein. However, this did not correlate to a significant reduction in E2F-target products, cyclins A and E. In addition, the levels of D-type cyclins, and CKIs p21 CIP1 and p27 KIP1 were increased, whereas CDK2 levels were reduced. Interestingly, Rb-deficient naive populations (lanes 3 and 4) displayed similar patterns of deregulation on treatment with PD, with several exceptions. Namely, p107 levels were increased on Rb-knockdown, and remained elevated above the levels observed in Rb-proficient populations, on treatment with PD. In addition, CDK2 protein levels were reduced on treatment, although they remained significantly more abundant than those observed in treated, naive Rb-proficient populations (compare lanes 2 and 4). In the emergent (recurred), Rb-proficient populations, it was observed that both phospho-and total Rb levels remained more abundant on subsequent PD treatment (lanes 5 and 6 versus 1 and 2). Regulation of cyclins and cyclindependent kinases in Rb-proficient populations remained similar to the patterns observed in naive populations on PD treatment, with the exception of an increased abundance in CDK2 and particularly the retention of the phosphorylated active form of CDK2 (lanes 1 and 2 versus 5 and 6). In addition, there was a reduction of p21
Cip1 (4.6-fold and 2.2-fold, respectively) and p27
Kip1 (1.7-fold and 1.4-fold, respectively) protein levels in the recurrent populations (lanes 5 versus 1 and 6 versus 2). These findings suggest that deregulation of CDK2 signaling could be a factor contributing to therapeutic bypass. In addition, Rb-deficient, recurred populations displayed similarly increased levels of p107 protein to those observed in naive populations (lanes 7 and 8 versus 3 and 4). Interestingly, levels of cyclin D1 and D3 were elevated in both untreated and treated Rbdeficient recurred populations compared with primary populations (lanes 7 and 8 versus lanes 3 and 4). As with the recurred Rb-proficient population, Rb loss led to the deregulation of CDK2 expression and phosphorylation. Thus, normal human mammary epithelial cells distinctly deregulate essential cell-cycle regulatory proteins in response to extended CDK4/6 inhibition, dependant on Rb status, providing a possible mechanism for recurrence.
Acute Rb loss has relatively modest impact on cell-cycle arrest mediated by CDK4/6 inhibition in breast cancer cell lines Human breast cancer cell lines were stably transduced with retrovirus encoding miRB or miNS constructs, and knockdown of Rb was confirmed (Figure 4a ). miNS-and miRB-expressing Hs578t, MDA-MB-231, and MCF-7 cells were then treated with 0.5 mM PD or DMSO for 24 h, and protein was harvested for immunoblot ( Figure 4b ). Among all cell lines, Rb-proficient populations displayed a dramatic reduction of E2F-regulated proteins (cyclin A, MCM7, and PCNA), as well as phosphorylated Rb and p107 levels (lanes 1 and 3 for each cell line) on PD treatment. Treatment with PD also resulted in a stabilization of p130 protein in all cell lines examined (compare lanes 1 and 2 with lanes 3 and 4). Importantly, Rb-deficient populations also attenuate E2F-regulated protein levels, although more modestly (lanes 2 and 4 for each cell line) and of varying intensity. All cell populations were pulse labeled with BrdU and cell-cycle distribution was analyzed. Representative traces of MDA-MB-231 and MCF-7 cells are shown (Figure 4c , top panels), and percentage BrdU incorporation is quantified below. The knockdown of Rb in all cell lines examined resulted in a modest increase in basal BrdU incorporation. However, on PD treatment, all cell lines responded robustly, and BrdU incorporation was significantly reduced irrespective of Rb status. These surprising findings suggested that Rb protein is not necessarily required for the response to CDK4/6 inhibition.
To determine whether these findings were truly due to CDK4/6 inhibition or an off-target effect of PD, we used the biological CDK4/6 inhibitor p16 ink4a . miNSand miRB-expressing Hs578t cells were infected with adenovirus-expressing p16 ink4a or green fluorescent protein (GFP) infection control, and treated with 0.5 mM PD or DMSO. Cell-cycle progression was monitored by BrdU incorporation (Figure 4d ). p16 ink4a overexpression resulted in robust cell-cycle arrest in both Rb-proficient and -deficient populations, regardless of PD or mock treatment. Interestingly, p16 ink4a expression was able to significantly reduce the percentage BrdU incorporation of Rb-proficient, PD-treated Hs578t cells (black bars), but not miRB-expressing PD-treated populations (dark gray bars).
On immunoblot analysis, Rb-proficient, GFP-expressing cells exhibited a dramatic reduction in E2F-regulated protein abundance on treatment with PD ( Figure 4e ). On p16 ink4a overexpression, these proteins remain at levels comparable to those found in Rbproficient, PD-treated populations, regardless of PD treatment (lanes 2-4) . Loss of Rb was observed to increase the abundance of E2F-mediated protein production above levels found in Rb-proficient cells in both the presence and absence of PD. Thus, loss of Rb can facilitate only a partial bypass of cell-cycle inhibition through CDK4/6, and this was associated with Rb-independent repression of Rb-target genes.
E2F activity is a critical determinant in response to PD-0332991 On the basis of the incomplete effects of RB loss on E2F activity in the context of CDK4/6 inhibition, we examined the direct ability of E2F activity to modulate the cellular response to CDK4/6 inhibition. Initially, wild-type Hs578t cells were infected with E2F2 or GFPexpressing adenovirus, treated with 0.5 mM PD or DMSO control, and immunoblots were performed to examine the phosphorylation status of Rb (Figure 5a ). Among GFP controls, PD treatment resulted in a reduction of Rb phosphorylation, as observed earlier in Figure 4b . Interestingly, E2F2 expression was able to promote the phosphorylation of Rb protein in the presence of PD, as compared with the GFP control. miNS-and miRB-expressing Hs578t were then infected with adeno-E2F2 or adeno-GFP, and subjected to immunoblot to examine E2F-regulated protein levels (Figure 5b) . Initially, E2F2 expression was verified and observed to correlate with increased cyclin A and RNR2 protein expression regardless of Rb status or PD treatment. Interestingly, E2F2 expression was able to promote increased p107 protein levels in the presence of PD, only in an Rb-deficient setting (compare lanes 4 and 6).
Consistent with this upregulation of cell cycle and replication proteins, all E2F2-expressing cell populations displayed uninhibited proliferation regardless of Rb status and presence of PD (Figure 5c ). Thus, overexpression of E2F2 is capable of promoting complete bypass of CDK4/6 inhibition, more so than loss of Rb alone, implying an incomplete relationship between the cyclin D/CDK4/6/RB axis and E2F regulation.
Durable response to CDK4/6 inhibition is reliant on a functional Rb pathway To examine the long-term response to CDK4/6 inhibition, miNS-and miRB-expressing MDA-MB-231 cells were plated at low density into 0.5 mM PD or DMSO and cultured for 15 days, at which time representative plates were stained with 1% crystal violet to visualize cell abundance, organization, and morphology (Figure 6a ). Cell-cycle progression of Rb-proficient MDA-MB-231 cells was strongly inhibited in the presence of PD, resulting in significantly fewer cells relative to DMSO control (left panel), although a small percentage of these cells could proliferate slowly. Under this same condition, Rb loss resulted in a significant bypass of the antiproliferative action of PD. On the basis of findings using MCF-10A populations, we evaluated the capacity of MDA-MB-231 recurred populations to respond to subsequent treatment. Individual emergent (recurred) populations were pooled and cultured in the absence of PD for three passages and subsequently re-challenged. Compared with naive populations, Rb-deficient recurred populations (dark gray bars) possessed significantly increased resistance to a secondary round of treatment (Figure 6b ). Rb-proficient cells (black bars) remained highly sensitive to PD re-treatment. To decipher the basis for this differential response, the cell-cycle machinery was extensively investigated (Figure 6c ). Rb-proficient naive and recurred populations showed an identical response to PD treatment with efficient dephosphorylation of Rb, downregulation of p107, and downregulation of key CDK2-regulatory factors. In contrast, the main distinction in Rb-deficient naive and recurrent populations was the downregulation of p21
Cip1 and p27
Kip1
. Examination of p21 Cip1 and p27
Kip1 transcript levels revealed no significant deregulation at Figure 6 Distinct behaviors of human breast cancer cells to extended CDK4/6 inhibition. (a) miNS-and miRB-expressing MBA-MB-231 cells were plated at low density and cultured in the presence of 0.5 mM PD-0332991or DMSO for 15 days. Culture dishes were then fixed and stained with 1% crystal violet. (b) Primary and recurred miNS-and miRB-expressing MDA-MB-231 were treated with PD-0332991 or DMSO. Cells were pulse labeled with BrdU for 1 h, followed by BrdU staining and propidium iodide staining. Cells were then subjected to FLOW cytometric analysis and bars represent the percentage BrdU positive of the total population, performed in triplicate from a minimum of two independent experiments. (c) MDA-MB-231 populations examined in (b) were immunoblotted for indicated proteins. Examination of Rb/cyclin D axis is represented above, whereas proteins capable of modifying the influence of this axis are grouped below. (d) mRNA levels of p21 and p27 were examined by real-time PCR, normalized to GAPDH internal controls and set relative to the untreated, RB-proficient MDA-MB-231 cells. (e) Naive miNS-and miRB-expressing MDA-MB-231 cells were treated with 0.5 mM PD-0332991 or DMSO control and CDK4 was immunoprecipitated 24 h post-treatment. Lysates were resolved and abundance of cyclin D1 and p27 KIP1 associated with CDK4 under these respective conditions was determined through immunoblot. (f) CDK2 was immunoprecipitated from samples described in (e), and abundance of active and inactive CDK2 was determined by immunoblot. (g) miNS-and miRB-expressing MCF-7 cells were plated at low density and cultured in the presence of 0.5 mM PD-0332991 or DMSO for 15 days, then stained with crystal violet (left panel). Cells were stained for b-galactosidase activity and quantified as a percentage of the total population (middle panel). Representative fields are shown (right panel).
the transcript level of either of these genes, suggesting that post-transcriptional mechanisms are responsible for the reduction in p21 and/or p27 protein levels (Figure 6d ). These findings, combined with the results from MCF10A cells, suggest that loss of CDK inhibitors that function on CDK2 could represent a relatively common mechanism leading to bypass of PD-0332991. In addition, through CDK4 immunoprecipitation experiments among naive MDA-MB-231 cells, treatment with PD resulted in increased association of cyclin D1 and p27 KIP1 with CDK4 in both an Rbproficient and RB-deficient setting (Figure 6e ). Interestingly, immunoprecipitation of CDK2 in these same cell populations revealed an abundance of active CDK2 (indicated by downward mobility shift) in the RBdeficient population compared with Rb-proficient cells treated with PD, whereas levels among untreated populations remained similar (Figure 6f ).
Rb is required for PD-0332991 induced senescence
To determine the generality of the earlier finding, MCF-7 cells were subjected to a similar protocol. Here, MCF-7 cells harboring Rb failed to proliferate in the presence of PD, displaying a large percentage of cells with a flattened, senescence-like morphology (Figure 6g , left panel). In contrast, the Rb-deficient populations bypassed cell-cycle arrest, leading to colonies of relatively rapidly proliferating cells. Consequently, PD-treated MCF-7 populations were stained for senescence-associated b-galactosidase activity (Figure 6g, right panel) . Indeed, >80% of Rb-proficient MCF-7 cells were b-galactosidase positive after 15 days of CDK4/6 inhibition compared with B30% of Rb-deficient cells. Representative fields are shown (Figure 6g, right panel) . In total, these data implicate a role for Rb in the initiation of senescence programs in response to extended PD exposure. 
Discussion
Cell-cycle deregulation is a hallmark of cancer that should be amenable to therapeutic targeting. Here, we determined the specific utility of the CDK4/6 inhibitor, PD-0332991 in multiple models of breast cancer. These studies revealed that although such an agent holds promise in inducing permanent cell-cycle inhibition, there are mechanisms through which resistance can arise. These findings also suggest that utilization of PD-0332991, and related therapeutic agents, should be rationally directed to avoid such resistance mechanisms.
Molecular influence of PD-0332991 on the cell-cycle machinery Consistent with the role of PD-0332991 as an inhibitor of CDK4/6, we observed efficient Rb dephosphorylation in every model that we evaluated. This 'activation' of Rb was associated with profound repression of E2F-target gene products such as cyclin A, RNR2, and CDK2. These findings are highly consistent with the established cross-talk between the CDK4/6 and CDK2 signaling axes (Malumbres and Barbacid, 2005) . Importantly, one primary molecular side-effect was observed in that PD very efficiently stabilized the levels of cyclin D1 and D3. At face value, this finding could reflect delayed turnover of the cyclin D protein, as would occur when cells progress into S-phase (Diehl et al., 1997) . However, even when cell-cycle inhibition was bypassed efficiently, cyclin D1 levels accumulated. Thus, we believe that the stabilization of cyclin D1 represents a proximal effect of PD-0332991 on the CDK4/6-cyclin D1 complex. This unexpected finding could represent a troubling undesired aspect of PD-0332991 pharmacology, as elevated cyclin D1 could fuel rapid activation of CDK4/6 if the levels of PD-0332991 became limiting. In addition, more problematic scenarios arise from the well-established non-catalytic functions of cyclin D1 and its ability to titrate the CDK2 inhibitors p27
Kip1 and p21
Cip1
. Sequestration or loss of those CKIs has been previously shown to promote aberrant Rb phosphorylation and cell-cycle progression (Halaban et al., 1998) .
Disparate impact of Rb loss in acute versus long-term response to CDK4/6 inhibition Earlier studies have shown that tumor cells lacking endogenous Rb are resistant to PD (Fry et al., 2004) . These results are consistent with the finding that p16 ink4a is only capable of mediating cell-cycle arrest in cells that harbor an intact Rb protein. Our analyses of BT-549 and MDA-MB-468 cell lines recapitulate these prior findings. However, analyses of the composite Rb/E2F pathway reflects that these cells are likely unresponsive to PD-0332991 because CDK4/6 activity is already inhibited by the copious expression of p16 ink4a that is observed in such cell lines, and has been reported earlier in a multitude of Rb-deficient tumor models (Okamoto et al., 1994; Otterson et al., 1994; Shapiro et al., 1995; Yeager et al., 1995) . Thus, tumors harboring elevated p16 ink4a are likely to define a class of disease that will fail to respond to PD-0332991 due to an acquired independence from CDK4/6 signaling. To directly interrogate whether Rb is a critical determinant of response, we knocked down Rb in cell lines that represent multiple facets of breast cancer. Interestingly, the response to this knockdown was highly divergent. In immortalized mammary epithelial MCF-10A cells, Rb deficiency had a profound effect on response to PD-0332991, enabling a robust deregulation of cell-cycle control and facilitating significant bypass in long-term assays. Interestingly, knockdown of Rb was not accompanied by the upregulation of p16 ink4a , but a failure of CDK4/6 inhibition to impinge on RB/E2F-regulated target genes. In contrast, PD-0332991 remained relatively effective at eliciting cell-cycle inhibition in a number of breast cancer cell lines harboring highly significant knockdown of Rb. Thus, there appears to be intrinsic cell-specific differences in the response to Rb deficiency. The engagement of cell-cycle arrest in the absence of Rb was largely associated with a continued suppression of downstream target genes. Such Rb-independent transcriptional control is often attributed to accumulation of p107 (Sage et al., 2000; Dannenberg and te Riele, 2006; Stengel et al., 2009) . In fact, accumulation of p107 protein was observed specifically in Rb-deficient environments and correlated with moderate, but incomplete, repression of E2F-regulated proteins in the presence of PD-0332991. It should be noted that all populations emerging from extended CDK4/6 inhibition (that are resistant to further inhibition) possess elevated p107 protein levels, in addition to increased CDK2 protein and/or loss of CKIs (that is p21/p27). Importantly, this reduction of p21 or p27 was not observed at the RNA level, implying that post-transcriptional mechanisms may be responsible for the reduction in p21/p27 protein levels. Interestingly, in breast cancer, loss of p27 Kip1 occurs at the protein level, not transcript, and associates with poor prognosis. Thus, p27
Kip1 protein levels could potentially serve as identification for those patients who have both poor prognosis and are more likely to fail to respond to CDK 4/6 inhibitor treatment. Combined, these events provide a mechanism to alleviate long-term E2F transcriptional repression elicited by pocket protein family members. Ultimately, and despite these complex results related to p107, deregulation of E2F activity is sufficient to completely bypass PD-0332991 exposure. Thus, modulation of E2F targets is a critical downstream effect of CDK4/6 inhibition. This suggests that potent compensatory mechanisms can uniquely mask the effect of Rb loss on acute and long-term cell-cycle inhibition and are operable in multiple breast cancer models.
Chronic exposure to PD-0332991 reveals key roles for Rb and novel mechanisms of resistance Cytostatic agents such as PD-0332991 will ostensibly have to be administered for long periods to elicit stabilization of disease. This has been reported in the context of malignant teratoma, wherein patients have taken the drug in excess of 2 years (Vaughn et al., 2009 ).
Therefore, understanding determinants of long-term response are crucial. In clonogenic assays, we observed that Rb loss had a profound effect on the durable response to the agent in multiple tumor lines and in immortalized mammary epithelial cells. These findings indicate that while RB status has a prominent role in acute response to PD-0332991, compensatory mechanisms controlling long-term repression of E2F activity have significant biological consequence in considering therapeutic intervention. Three particularly striking findings were observed in these analyses that have implications for the clinical utilization of CDK4/6 inhibition elicited by PD-0332991.
First, mammary epithelial cells can evolve to become resistant to CDK4/6 inhibition. This surprising finding was initially observed by the relatively rapid outgrowth of cells in the presence of PD-0332991, and resistance to second rounds of acute exposure. Interestingly, this altered response was not due to the massive deregulation of RB/E2F-target gene expression, but rather to perturbations that are known to directly influence CDK2 function. These findings are consistent with studies from genetic models, wherein the utilization of a particular CDK can be substituted by another (Geng et al., 1999) . Seemingly, these controls are already somewhat compromised in MCF-10A cells, and this finding may in fact contribute to the pivotal requirement for Rb in eliciting acute cell-cycle inhibition in this model.
Second, in tumor cell lines, Rb deficiency yields a highly significant growth advantage in the presence of PD-0332991. This finding was observed in MDA-MB-231 and, to a more striking level, in MCF-7 cells. In the context of MDA-MB-231 cells, there was a clear cytostatic effect of PD-0332991, resulting in a significant percentage of cells displaying a senescence-like morphology. However, this effect was only partial and Rbproficient cells could ultimately escape from such therapy over the course of weeks. Importantly, only emergent Rb-proficient populations remained sensitive to second rounds of treatment. These findings indicate that the dependence on CDK4/6 activity can be quite strict. In addition, evolution to true resistance to extended CDK4/6 inhibition in tumor models may be critically dependent on loss of Rb function, as Rb deficiency has been observed to increase the levels of E2F-target genes cyclins A and E. These cyclins are requisite for CDK2 function, and their deregulation may ultimately provide a mechanism to circumvent CDK4/6 dependency, facilitating the acquisition of a proliferative cell-cycle driven by CDK2. This phenomenon has been observed in AML cell lines deficient for CDK4/6 activity, wherein loss of the CKI p27
Kip1 was able to promote phosphorylation of histone-H1 by CDK2 (Wang et al., 2007) . Presumably, the lack of Rb may relieve the requirement for signaling through the CDK4/6 axis, and thus facilitate the acquisition of a proliferative cycle driven by CDK2.
Third, in specific tumor lines, PD-0332991 very efficiently induced senescence. Specifically, in Rb-proficient MCF-7 cells, PD-0332991 efficiently induced a senescence program as judged by altered cellular morphology and senescence-associated b-galactosidase activity. As such, cells failed to proliferate even over the course of 3 weeks, it is clear that the induction of such a senescent program could represent a key cytostatic feature of PD-0332991 that is critically dependent on Rb status for activation and execution.
In total, examination of the effects of CDK4/6 inhibition in breast cancer cells has revealed a complex regulatory network, with a surprising cell-specific influence. Clearly, knowledge of p16 ink4a , Rb, and E2F function in tumors will be useful in considering ideal candidates for treatment. Our studies suggest that monitoring the repression of E2F-regulated genes does represent the most clear indication for effective antiproliferative effects of such agents. Unfortunately, due to redundancies in CDK/cyclin biology, specific measures will have to be taken to ensure that acute cell-cycle inhibition leads to prolonged cell-cycle exit. Although the idea of using non-competitive small molecule inhibitors of CDK4/6 activity remains a viable option, additional knowledge of effectors and bypass mechanisms will be important to direct such agents most effectively.
Materials and methods
Cell culture MCF10A cells were grown in DMEM/F12 media with 5% horse serum, supplemented with 20 ng/ml EGF, 0.5 mg/ml hydrocortisone, 10 mg/ml insulin, 100 U/ml penicillin/streptomycin, and 2 mM L-glutamine. BT-549 cells were propagated in RPMI 1640 containing 10% fetal bovine serum, 100 U/ml penicillin/streptomycin, and 2 mM L-glutamine. All other breast cancer cells lines were maintained in DMEM containing 10% fetal bovine serum, 100 U/ml penicillin/streptomycin, and 2 mM L-glutamine. All cells were cultured at 37 1C and 5% CO 2 . All cells were counted for experimental seeding using trypan blue exclusion.
Viral expression constructs and infections
Retroviral vector pMSCV-LMP-miRB was a kind gift from Dr Scott Lowe (Cold Spring Harbor Laboratory, Long Island, NY, USA). This vector expresses shRNA-targeting nucleotides 699-719 of human RB (5 0 -GCAGTTCGATATCTACTGA AA-3 0 ) in an miR30 background. To generate the non-specific control (miNS), pMSCV-LMP-miRB was digested at the XhoI and EcoRI sites to remove RB-targeting coding sequence. It was replaced with non-specific targeting sequence shRNA (5 0 -GCTGAGG TGATAAACAGTTACA-3 0 ) using the same XhoI and EcoRI sites, as per the manufacturer's instructions (Open Biosystems, Huntsville, AL, USA). Retroviral packaging and preparation was performed by the Viral Vector Core of Cincinnati Children's Research Foundation (Cincinnati Children's Hospital Medical Center) using 10 mg of each vector DNA. Retroviral infections were performed by exposing cells to a 1:1 ratio of 1 ml virus: 8 mg/ml polybrene for a minimum of 6 h. After which, cells were washed twice with 1 Â PBS and returned to normal growth medium. miRB-and miNS-infected cells were selected in 2.5 mg/ml puromycin for a minimum of 14 days. Replication-defective recombinant adenovirus-expressing GFP (Ad-GFP), E2F2 (Ad-E2F2), or p16 ink4a (Ad-p16) were also used. Infection efficiency was monitored through GFP expression, and was determined to be >90% by immunofluorescence, and expression was confirmed through immunoblot. All adenovirus-infected cell populations were used within 72 h post-infection.
PD-0332991 treatment
For acute response experiments, cells were seeded at a density of 5 Â 10 5 into 10 cm dishes, and allowed to adhere overnight. Acute PD-0332991 treatments were performed at 0.5 mM concentrations, reconstituted in DMSO, for 24 h. Equal volumes of DMSO were used as treatment controls. Studies examining cell death induction by PD-0332991 and Cisplatin (CDDP) were performed at 24 h post-drug introduction, at which time the media was harvested in addition to the adherent cells and subjected to flow cytometric analysis. For outgrowth experiments, cells were cultured in 0.5 mM PD-0332991 for 15 days unless otherwise noted. During this time, media supplemented with PD-0332991 or DMSO control were replaced every 72 h at the indicated concentrations. At the end of the outgrowth experiments, cells were fixed and stained with 1% Crystal Violet. 'PD-resistant' populations were generated as described earlier for the outgrowth experiments, subsequently treated with 0.5 mM PD-0332991 or DMSO and subjected to bivariate FLOW cytometric analysis.
Immunoprecipitation and immunoblot analysis
Lysates were immunoprecipitated using antibodies against CDK4 (DCS-35, Santa Cruz Biotechnology, Santa Cruz, CA, USA) and CDK2 (D-12, Santa Cruz Biotechnology). Antibody-bound proteins were precipitated using protein G beads (GE Healthcare, Piscataway, NJ, USA). Immunoprecipitated proteins and cell lysates were resolved by SDS-PAGE and transferred to Immobilon-P membrane (Millipore, Billerica, MA, USA). Proteins were detected using the following primary antibodies: Santa Cruz Biotechnology-cyclin A ( 
Flow cytometric analysis
Cells were harvested and fixed in 70% EtOH overnight at 4 1C. Cells were prepared for flow cytometry as described earlier (Zagorski et al., 2007) . Cell-cycle analysis was performed using FlowJo 8.8 software. BrdU data are represented as a percentage of total population unless otherwise noted. All experiments were performed in triplicate from a minimum of two independent experiments. mRNA analysis by real-time PCR Total RNA was made from MDA-MB-231 miNS, MDA-MB-231 þ 0.5 mM PD, MDA-MB-231 miRB, MDA-MB-231 miNS-recurrent (JD3), and MDA-MB-231 miRB-recurrent (JD4) cells. cDNA was synthesized from 5.0 g of DNA-free RNA. A measure of 150 ng of cDNA was used to quantify and compare the transcript levels among the above-mentioned cell lines. ABI Step-One apparatus and Power SYBR Green Master Mix with primers were directed against human p21, p27, and GAPDH mRNA (Rizzi et al., 2008; Wakimoto et al., 2008; Vivar et al., 2009) . The samples were analyzed with a standard 2-h run with an annealing temperature of 55 1C. The transcript signals were normalized with an internal control GAPDH signals.
b-Galactosidase senescence assay Cells were cultured in the presence or absence of PD, and subjected to assay by Senescence b-Galactosidase Staining Kit (Cell Signaling Technology, Boston, MA, USA). Staining was performed according to the manufacturer's provided protocol. Percentage positive was calculated as a percentage of total population.
Statistical analysis
All statistical analyses were performed using GraphPad Prism version 4.0c (GraphPad Prism Software Inc., La Jolla, CA, USA). Results were analyzed for statistical significance using Student's t-tests and s.d. For all analyses, Po0.05 was considered significant.
